in slash-and-burn regions, a common practice to prepare the soil before planting. We 23 characterised the phytolith rich ash derived from the fern D. linearis, and phytolith associated 24 potassium (K) (phytK), using X-ray tomographic microscopy in combination with kinetic 25 batch experiments. D. linearis contains up to 3.9 g K kg -1 d.wt, including K sub-26 compartmented in phytoliths. X-ray tomographic microscopy visualized an inter-embedding 27 structure between organic matter and silica, particularly in leaves. Co-release of K and Si 28 observed in the batch experiments confirmed that the dissolution of ash phytoliths is one of 29 major factors controlling K release. Under heat treatment, a part of the K is made available, 30 while the remainder entrapped into phytoliths (ca. 2.0 -3.3%) is unavailable until the 31 phytoliths are dissolved. By enhanced removal of organic phases, or forming more stable 32 preparation in the slash-and-burn farming. Little is known about the effect of heat treatment 68 on phytC loss, surface property changes and dissolution rate of the fern D. linearis derived 69
phytoliths. 70
Slash-and-burn farming is typical in upland north Vietnam, where D. linearis 71 colonises soil that is left fallow. Slash and burn causes D. linearis phytolith-containing ash to 72 be re-cycled to the soil, providing nutrients for subsequent crops. In this study, phytoliths 73 obtained from ashing of fern D. linearis plants were used to examine release of Si and K and 74 to investigate how heat interacts with the phytolith structure with respect to subsequent K 75
dissolution. 76

Materials and methods 77
Phytoliths obtained from 300 -1000 °C ashing were prepared. X-ray tomographic microscopy 78 provided visualization of silicaceous structure within the phytolith. Scanning electron 79 microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 80 specific surface area (SSA) and chemical composition analysis were carried out to evaluate 81 transformation of phytoliths, and the effect of this transformation on Si and K release. The 82 reactivity of biogenic silica is strictly related to changes in surficial properties (Cabanes and 83 Shahack-Gross, 2015) and, in particular, loss of reactive surface sites. Therefore, surface 84 charge (SC) was also determined as it is the key electrochemical parameter of the solid-liquid 85 interface indicating ion adsorption, and ionization of surface functional groups, providing 86 important information on dissolution kinetics (Walther, 1996) . Other physio-chemical 87 properties of the ashed samples, such as pH, electro-conductivity (EC) and organic carbon 88 (OC), were determined to ascertain how they relate to phytolith dissolution. 89
Study site and sample production 90 D. linearis was collected from its natural habitat in a mountainous region (21°30′ N, 91 soil is the Ferralic Acrisol which has developed on the basaltic rock. Slash-and-burn farming 93 in this region has been practiced for hundreds of years, where maize is cultivated after 94 burning. The average temperature is 23.5 °C, with an average relative humidity of 85%. 95
Average annual precipitation is 1700 mm, fairly evenly distributed throughout the year. 96 (Fig. 1 ) 97 D. linearis was collected by harvesting above ground biomass from three separate 98 plots (1 m x 1 m). The samples were air-dried and 1.0 mm sieved. Elemental composition 99 (Table 1 ) was determined by XRF spectroscopy (Rigaku, Nex CG). Ashing was conducted by 100 heating 50 g of the sample, bulked from sampling plots, in a furnace at 300, 400, 500, 600, 101 700, 800, 900 and 1000 °C, for 2 h. Phytoliths were obtained from the ash by washing 3 times 102 with deionized water, followed by centrifugation and decantation. The centrifugate phytoliths 103 were dried at 60 °C for 24 h. 104 (Table 1 ) 105
Characterization of samples
106
The arrangement of Si and organic matter structures in dried stems and leaves of the 107 D. linearis was examined by synchrotron-based X-ray tomographic microscopy, at the Swiss 
124
To examine K and Si solubility, each 100 mg of ash sample was mixed with 100 mL of 125 deionized water in 125-mL plastic tubes. Suspensions were gently shaken and allowed to 126 stand for 24 h at room temperature. For the samples pre-treated at 400 and 800 °C, the batch 127 experiments were extended up to 7 d, with sampling at 24 h intervals. pH and EC were 128 measured in aliquots of these suspensions by using a pH meter (Toledo, FE20, Switzerland) 129
and an electrical conductivity meter (AD3000, ADWA, Hungary), before taking samples for 130 quantification of Si and K release. The suspensions were passed through a 0.45 μm pore-size 131 cellulose acetate filter. Soluble Si and K were determined using an ICP-MS iCap Q (Thermo 132 Scientific, Bremen, Germany). All experiments were conducted in triplicates. Surface charge 133 was quantified by polyelectrolyte titration in a particle-charge detector (PCD 05, Mütek, 134
Herrsching, Germany). Suspensions were dispersed by an ultrasonic treatment for 15 s and 135 then transferred into the titration cell. The titration with the polyelectrolyte was terminated at 136 the point of zero charge where the electro-kinetic potential is zero. 137
Statistical analysis
138
The Pearson's test and multiple regression using SPSS 20.0 software, were used to 139 examine the correlations between parameters. Principle components analysis (PCA) was also 140 conducted, again in SPSS. 141
Results 142
Sample characterization 7 Tomographic images of leaf and stem phytoliths found high porosity, derived from 144 longitudinal vascular bundles, veins or fibers in the stem (Fig. 2a) and leaf (Fig. 2d) . Based on 145 sample density, two phases of organic matter, colored with green (low density) and blue (high 146 density), and Si-rich phase colored with pink, were detected. In the stem, limited Si-phase was 147 observed (Fig. 2c) , embedded into the high-density organic phase (lignin, cellulose) (Fig. 2b) . 148
In the leaf, the Si-phase tends to be more porous near the leaf surface ( Fig. 2d and 2e) , 149 creating thin silica-rich layers (Fig. 2f) , forming a protective cover for leaf veins, stabilized by 150 silicified structures in inter-and intracellular spaces. 151 (Fig. 3) . The SC ranged from -18.3 to -5.8 mmolc Kg -1 , decreasing for 159 ashed samples. This might be related to the decreasing OC content at higher temperatures and 160 to limited Si-OH represented on the surface as identified in Fig. 4b . 161 (Table 2 ) 162 (Fig. 3)  163 The XRD patterns of the phytolith-containing ash derived from different treatment 164 temperatures are shown in Fig. 4a . At temperatures < 800 °C, no specific reflection peak was 165 observed, suggesting that silica occurs in amorphous form. Temperatures above 800 °C can 166 favor crystallization and cause the formation of more stable silicates, i.e., leucite and zeolite. 167
Formation of zeolite might be a consequence of zeolization at high temperatures under thepresence of Si, Al, alkaline elements and internal water. Functional groups of the samples 169 were revealed through FTIR spectra as described in Fig. 4b . The bands at ~ 1100 cm (Fig. 4) 176
Solubility of Si and K
177
Dissolution kinetics 178
Releases of Si and K from samples derived from different treatment temperatures were 179 reflected by significant concentration increases of soluble Si and K with time (Fig. 5a ). While (Fig. 5b) . A significant correlation at the 0.01 level for both the 400 and 800 °C-treated 188 samples is an obvious evidence for a strong relation between Si and K. 189 (Fig. 5) 190
Effect of treatment temperature 191
Solubility of Si and K in the phytoliths derived from D. linearis was highly affected 192 by heating temperature (Fig. 6) . In general, soluble concentrations of Si were almost lower (Fig. 6a) , and with maxima between 500 -800 o C. A scatter plot (Fig. 6b) releases. This relationship was confirmed by scatter plots versus released Si with K (Fig. 6b) . 228
Therefore, K release is related to the dissolution of phytoliths. As K is released at a faster rate 229 than Si (Fig. 6a) , apart from K sequestered within phytoliths, K bound to organic matter, 230 inter-embedded with phytoliths, was also released on organic matter thermal decomposition, 231 as described by Trinh et al. (2017) . The release of K from organic matter is likely to attribute 232 to the higher dissolution rate of K over Si. The temperature of the sample treatment may also 233 be a factor regulating phytolith desilification and K release. The maximum values of soluble 234
Si and K were observed from 500 till 800 °C, whereas lower dissolution was found at < 500 Al can be polymerized to build up zeolite crystals. The newly-formed nano-size particles 254 observed on the surface (Fig. 3c) were an evidence of partial melting and re-cystallization 255 processes on the surface of phytoliths. The effect of "neo-formed" zeolite upon the releases of 256
Si and K, however, was not in focus of this study. 257
Implications for the soil system and options for management 258
This study relates to a more detailed understanding regarding the K pool in ferns and its 259 release properties, with the findings applicable to soil nutrient management for slash-and-burn 260 agriculture in many upland regions. Fern D. linearis contains up to 3.2 g K kg phytK pool in relation to soil properties, however, are beyond the scope of this work. They 276 will be subject of a future study employing percolation experiments. 277 surface charge (SC) and specific surface area (SSA) for ash phytoliths. 379
